Abstract: There is growing interest in the diverse signaling pathways that regulate and affect breast tumorigenesis, including the role of phytochemicals and the emerging role of microRNAs (miRNAs). Recent studies demonstrate that miRNAs regulate fundamental cellular and developmental processes at the transcriptional and translational level under normal and disease conditions. While there is growing evidence to support the role of phytoalexin-mediated miRNA regulation of cancer, few reports address this role in breast cancer. Recent reports by our group and others demonstrate that natural products, including stilbenes, curcumin, and glyceollins, could alter the expression of specific miRNAs, which may lead to increased sensitivity of cancer cells to conventional anti-cancer agents and, therefore, hormone-dependent and hormone-independent tumor growth inhibition. This review will discuss how dietary intake of natural products, by regulating specific miRNAs, contribute to the prevention and treatment of breast cancer.
have been identified in at least 75 plant species including alfalfa, blueberries, celery, eggplant, garlic, grapes, peanuts, pepper, potato, rice, soybeans and tomatoes. Preclinical data suggest phytoalexins modulate cellular processes that impinge on cancer including proliferation, apoptosis, invasion and metastasis, hormonal regulation, and expression/ activity of Phase I and II metabolizing enzymes. Phytoalexins have also been demonstrated to target signal transduction pathways, 1 nuclear receptors, 2-4 apoptosis, and cell cycle pathways. 5, 6 While multiple epidemiological and animal studies have shown that consumption of foods rich in fruits and vegetables decreased the occurrence of cancers, [7] [8] [9] [10] a better understanding of the molecular mechanisms by which phytoalexins regulate these processes is critical towards an improved understanding of their potential use as preventative and/or adjunctive agents in the clinical setting.
A specific class of endogenous, non-coding RNAs, classified as microRNAs (miRNAs), has been identified. It has been found that most miRNAs are conserved across species, 11 indicating that they participate in normal biological processes. They are single-stranded RNAs of 21-25 nucleotides in length 12 and found to regulate mRNA stability and translation by targeting the 39 UTR of target mRNAs and either degrade mRNA transcripts or induce translational silencing 13 ( Figure 1 ). More than 1000 miRNAs have been identified in the human genome, and over one-third of all human protein coding genes are potentially regulated by miRNAs, 14 MiRNAs regulate the expression of genes involved in development, growth, proliferation and apoptosis. The inhibition of the miRNA biogenesis pathway results in severe developmental defects and lethality in many organisms. 15 They are associated with many biological processes and disease states 16, 17 including all stages of cancer 18 from initiation to tumor promotion and progression. Several miRNAs have been functionally classified as oncogenes or tumor suppressers or act to regulate transcription factors (Table 1) . Recent studies demonstrated that knock-down or the re-expression of specific miRNAs could induce drug sensitivity, inhibit the proliferation of cancer cells, and suppress cancer cell invasion and metastasis. [19] [20] [21] Experimental evidence demonstrates that correction of specific miRNA alterations using miRNA mimics or antagomirs can normalize gene regulatory networks and signaling pathways and reverse the phenotype of cancerous cells. 22 While the number of publications on miRNAs in humans has increased exponentially since the first reports in 2001, [23] [24] [25] there are few studies on phytoalexin regulation MYBL2/Cell Senescence ↑miR-30d [61] Tumor suppression ↑miR-34a [61] Tumor suppression ↑miR-195 [61] RAF1, CCND1, CCNE, BCL2 ↑miR-181c/d [61] NOTCH4, KRAS ↓miR-21 [61] PTEN, PDCD4, TIMP3, TIMP1/OncomiR ↓miR-193a-5p [61] p73/Limits the effectiveness of chemotherapy ↓miR-224 [61] PAK4, MMP-9, CD40/ Cell migration and invasion ↓miR-486-5p [61] CD40/ Cell migration and invasion ↓miR-542-5p [61] Maintenance of a mesenchymal phenotype [26] [27] [28] [29] These studies demonstrate, natural products, including curcumin, isoflavones, indole-3-carbinol (I3C), diindolylmethane (DIM), and epigallocatechin gallate (EGCG), could alter the expression of specific miRNAs, which may lead to the increased sensitivity of cancer cells to conventional anti-cancer agents thereby inhibiting tumor growth. As such, it has been proposed that manipulating miRNA regulation may be a novel avenue for developing efficient therapies against cancer. As breast cancer is defined as a disease of health disparity it is becoming increasing important to understand how these dietary agents and miRNAs can play a role in prevention and treatment outcomes of underserved populations. Therefore, the objective of this review is to summarize research on phytoalexin regulation of miRNAs and how dietary intake of natural products contributes to the prevention and treatment of breast cancer by regulating specific miRNAs, with a focus on human breast cancer cell line studies.
The effect of stilbene and stilbene Derivatives on mirNa regulation
Resveratrol (3, 5, 4'-trihydroxystilbene) is a polyphenolic, non-flavanoid bioactive compound that can be derived from fruits and plants, including the skin of red grapes, blueberries, and peanuts. It has been shown to exhibit a wide range of health-promoting benefits for the coronary, neurological, hepatic, and cardiovascular systems [30] [31] [32] [33] [34] and to enhance stress resistance and extend the lifespan. It has been shown to inhibit inflammation, viral infection, oxidative stress, and platelet aggregation. [35] [36] [37] Resveratrol has also been identified as a potent anti-cancer agent, exerting antiproliferative and proapoptotic properties in a variety of conditions, including cancer and has been shown to inhibit aromatase activity in aromatase transfected MCF-7 breast cancer cells (MCF-7aro). 38 Numerous investigations utilizing various ER-positive (T47D and MCF-7) and ERnegative breast cancer cell lines (MDA-MB-231 and MDA-MB-468) demonstrated that resveratrol can upregulate p53, PTEN, and p27 while downregulating multiple targets involved in cell migration. [39] [40] [41] Recent studies have shown that natural products, including curcumin, isoflavones, EGCG, I3C, and DIM, could alter the expression of specific miRNAs. For example, Tili et al., showed that resveratrol decreases the levels of miR-155 by upregulating miR-663, a tumor suppressor miRNA potentially targeting Jun B and JunD implicated in the immune response. 42 Resveratrol also modulates the expression of a large number of miRNAs in prostate cancer, including that of the c-MYC activated miR-17-92 cluster (miR-17, miR-18b, miR-20a, miR-20b, and miR-92b) and miR-106ab clusters. 43 Resveratrol treatment has also been shown to downregulate several oncogenic miRNAs and effectors of TGF-beta signaling pathways in human SW480 colon cancer cells. 44 While the effect of resveratrol on miRNA regulation of various cancers has been demonstrated, the precise molecular mechanism of miRNA induction in breast cancer and the biological significance of resveratrol-induced miRNA have not been reported until recently.
In a recent report, Hagiwara et al., demonstrated that resveratrol upregulated tumor-suppressive miRNAs (i.e., miR-16, miR-141, miR-143, miR-200c, miR-340), in MDA-MB-231 breast cancer cells resulting in the induction of an anti-cancer effect against the cancer stem-like cells (CSC) phenotype in cancer cells. 45 They also demonstrated that resveratrol inhibited the invasiveness of breast cancer cells as one of the CSC phenotypes by activating miR-141 and miR-200c. Treatment with, resveratrol also led to a reduction of malignancy by not only activating tumor-suppressive miRNA transcription but also by enhancing the RNAi activity mediated by the induction of Ago2 (a protein involved in posttranscriptional gene silencing). While resveratrol was effective in promoting an Ago2-dependent tumor-suppressive miRNA anti-cancer response in MDA-MB-231 cells, pterostilbene, an analogue of resveratrol suppressed cell growth more dramatically than resveratrol. This finding suggested resveratrol-induced tumor-suppressive miRNA expression and its anti-cancer activity in breast cancers are conserved among stilbene family members. Taken together, these results suggest a potential therapeutic role for resveratrol and its derivatives in the prevention of breast cancer by upregulating tumor suppressive miRNAs and regulating miRNA biogenesis.
The effect of Curcumin on mirNa regulation
Curcumin is a diferuloylmethane derived from the Indian spice tumeric (also called curry powder) and has been demonstrated to possess anti-inflammatory and antioxidant properties. Curcumin has been shown to exhibit therapeutic potential against a variety of cancers including leukemia and lymphoma, gastrointestinal cancers, genitourinary cancers, ovarian cancer, head and neck squamous cell carcinoma, lung cancer, melanoma, neurological cancers, and sarcoma. For example, in gastric cancer, curcumin suppresses proliferation and invasion pathways by repressing HER2 and G1/S phase transition, PAK1 activity and cyclin D1 expression. 46 In prostate cancer, curcumin induces apoptosis 47 and inhibits invasion in human laryngeal squamous carcinoma cells. 48 Additionally, researchers have described the anticarcinogenic and antimetastatic properties of curcumin in a variety of breast cancer cell lines. 49 As previously demonstrated, extensive research has been conducted establishing the complexity, involvement and alteration of multiple signal transduction pathways in cancer growth and progression. As our understanding of the complexities regulating cancer cell proliferation increases it is becoming more evident that targeting a single gene product or cell signaling pathway is unlikely to prevent or treat cancer. This suggests that drugs interacting with multiple targets will be more efficacious than current monotargeted anticancer drugs. As many plant-derived dietary agents have been demonstrated to exert multitargeted effects, increased interests in their use as therapeutic agents have ensued. More recently, curcumin has been demonstrated to possess an additional level of regulation, by altering miRNA expression in a variety of human cancers. For example, in human pancreatic cancer cells, curcumin upregulates miR-22, whose predicted targets are estrogen receptor α (ERα) and the transcription factor Sp1, while the oncogenic miR-196 was significantly downregulated. 50 Curcumin also induces apoptosis in A549 lung cancer cells by downregulating miR-186, which targets caspase-10 51 while in colorectal cancer cells, curcumin inhibited the transcriptional regulation of miR-21 via AP-1 and suppressed cell proliferation, tumor growth, invasion and metastasis. 52 These data were therefore instrumental in providing a rationale for designing current and ongoing clinical trials for colorectal cancer prevention and pulmonary disease. While several groups demonstrated the effect of curcumin on miRNA expression in various cancers, currently, few studies exist on the effect of curcumin-mediated miRNA regulation of breast cancer. While it is known that some antiapoptotic proteins such as Bcl-2 are overexpressed in a wide variety of cancers, recent evidence by Yang et al., demonstrate that curcumin caused a miR-15a and miR-16-mediated downregulation of bcl-2 induced apoptosis in MCF-7, SKBR-3 and Bcap-37 breast cancer cell lines. 53 Interestingly a similar pattern of miR-15a/16 regulation of bcl-2 was also observed in leukemia. 54 Taken together, these results indicate that the miR-15a/16 family can potentially serve as potential gene targets for bcl-2 overexpressing breast tumors.
The effect of Glyceollins on mirNa
There is considerable evidence demonstrating potential beneficial effects of dietary phytoestrogens for many hormone-dependent conditions. [55] [56] [57] Soy foods made from whole soybeans, or isolated soy proteins all contain relatively high concentrations of isoflavones. Isoflavones act as partial estrogen agonists and antagonists. Therefore, in addition to studying their use as chemotherapeutic agents, numerous researchers have studied the potential role of soy-based compounds as alternative therapeutic agents to conventional hormone replacement therapy in postmenopausal women.
Recently, our group identified the glyceollins as a novel group of phytoalexins isolated from activated soy demonstrated to be a novel antiestrogen that binds to the ER and inhibits estrogen-induced MCF-7 tumor xenograft progression. 4, 58 We reported that glyceollins, a novel groups of soy phytoalexins, 59 inhibit the expression of estrogen dependent genes (i.e., Progesterone Receptor and stromal-cell derived factor-1), inhibit the ER transcriptional activity of MCF-7 cells, bind to the ER with high affinity, and inhibit the viability and proliferation of MCF-7 cells. 4 We also demonstrated the antiproliferative effects of glyceollins in ER-positive BG-1 ovarian cancer cells 4 as well as prostate cancer cells, 60 suggesting alternative ER-independent mechanisms may be involved in glyceollins' antitumorigenic activity.
While the effect of glyceollins has been demonstrated in breast cancer, until recently its hormonal role has been mostly limited to estrogen-dependent cells. To investigate the ER-independent antiproliferative mechanism of glyceollin, we performed xenograft studies using triple negative breast cancer cells (MDA-MB231 and MDA-MB468 cells). Interestingly, our results demonstrated that glyceollin treatment caused a modest reduction in tumorigenesis in both cell lines, 61 a result of alterations in the miRnome and proteomic expression profile. Specifically, glyceollin-treated MDA-MB231 cells demonstrated a significant increase in miRNAs involved in EMT (miR-22, miR-29b, miR-29c, miR-30d, miR-34a and miR-195) and tumor suppressors (miR-181c and miR-181d). There was also a significant decrease in the expression of oncomiRs promoting tumorigenesis (miR-21and miR-193a-5p), oncomiRs promoting metastasis (miR-185 and miR-224), miR-486-5p (involved in cell migration and invasion) and miR-542-5p (involved in maintenance of a mesenchymal phenotype). Upon further analysis, it was determined that the metastasis suppressor gene, non-metastatic cells 1 (NME1) demonstrated a 24.89-fold increase after glyceollin treatment and is targeted by both miR-486-5p and miR-542-5p. Proteomic analysis further demonstrated a (glyceollin-induced) 13.84-fold decrease in vimentin, a protein involved in epithelial to mesenchymal phenotype which is targeted by miR-30d. This further suggests that miRNAs involved in cell motility and maintenance of a mesenchymal phenotype are downregulated and therefore alter the proteome if the MDA-MB231 cells in a manner that is indicative of tumor suppressive effects. Taken together, these studies demonstrate for the first time the ability of the phytochemical, glyceollin, to inhibit the tumor growth of triple negative breast cancer cells. More importantly, the mechanism by which glyceollin exerts its antineoplastic effect is through dysregulation of miRNA expression which is a hallmark of numerous carcinomas including breast cancer and consistent with a less aggressive phenotype.
Conclusion
In conclusion, our data and that of others show that phytoalexins display unique activities that regulate miRNAs and the expression of multiple disease states, including cancer. It is clear these small, non-coding RNA molecules could inhibit target gene expression by binding the 3'UTR of target mRNA, resulting in either RNA degradation or inhibition of translation. To this end, aberrant miRNA expression has been correlated with tumor development, cancer progression, the formation of CSCs and the acquisition of EMT phenotype. For the first time, our group identified glyceollins as a novel phytoalexin with the ability to alter miRNAs regulating EMT and metastasis in breast cancer. In addition, the in vitro and in vivo data in this study may implicate a therapeutic potential for glyceollins in African American TNBC patients. Further results from others revealed the ability of resveratrol and curcumin to alter miRNAs involved in breast cancer prevention and apoptosis, respectively. These results indicate a mechanism by which dietary agents can modulate the activity of miRNAs crucial for cancer progression. MiRNAs have been characterized as the biomarkers for diagnosis and prognosis, and thus miRNAs are becoming attractive targets for cancer therapy. Emerging evidence is beginning to suggest that natural agents could be useful for targeting miRNAs, which in turn could enhance the efficacy of conventional cancer therapies. Therefore, targeting miRNAs by glyceollins, curcumin and resveratrol could be novel strategies toward designing combination approaches with conventional therapies for the prevention of tumor recurrence and achieving successful treatment outcome of patients diagnosed with cancer. 
